Rationale: In this case report, we describe a Parkinson's disease (PD) patient with limb-kinetic apraxia (LKA) in whom degeneration of the corticofugal tract (CFT) from the supplementary motor area (SMA) was observed in diffusion tensor tractography (DTT).
Introduction
Limb-kinetic apraxia (LKA), which is defined as impairments in fine motor control, frequently manifests in patients with Parkinson's disease (PD) and results in difficulties performing daily tasks. [1] [2] [3] LKA is independent of bradykinesia and rigidity in patients with PD. [1] [2] [3] Most PD-related symptoms, such as bradykinesia and rigidity, show good responses to dopaminergic treatments, but LKA is usually less responsive to dopaminergic drugs. [1] [2] [3] Although the mechanisms underlying LKA have not been precisely elucidated, LKA has been attributed to damage of the secondary motor area (dorsal premotor cortex [dPMC] and supplementary motor area [SMA] ), which participates in the planning of movement, or the neural tracts that originate from this area. [4, 5] In addition, cortical-basal ganglia network dysfunction has been proposed to cause LKA because the nuclei of the basal ganglia are strongly connected with the secondary motor area. [3, 6] While conventional magnetic resonance imaging (MRI) has limited utility as an investigative and diagnostic tool in patients with PD, recent advances in neuroimaging techniques have allowed for detailed assessments of PD-related pathology. In particular, diffusion tensor tractography (DTT), which is derived from diffusion tensor imaging (DTI), provides the unique advantage of the 3-dimensional visualization and estimation of neural tracts. [7] [8] [9] In the current report, we used DTT to examine the corticofugal tracts (CFTs) from the SMAs in a patient with PD who showed LKA.
Case report

Patient characteristics
A 63-year-old right-handed woman visited the rehabilitation department of a university hospital for evaluation of her gait disturbance and loss of dexterity. Two years ago, the patient had begun to notice a gait disturbance and loss of fine motor function of both upper extremities. Over the last 2 years, her symptoms had gradually worsened. A physical examination showed that she was alert and oriented. The patient presented with a gait disturbance with a short step and a loss of dexterity and resting tremor in both upper extremities. We diagnosed the loss of dexterity in both upper extremities as LKA. In addition, bradykinesia and mild rigidity were observed in both upper and lower extremities. She had no motor weaknesses or sensory deficits, and she scored full 30 points on a mini-mental state examination. The (Fig. 1) . Conventional brain MRI and electromyography/nerve conduction studies revealed no abnormal findings. Thus, based on the patient's physical examination and 18 F-FP-CIT positron emission tomography findings, [10] she was diagnosed with PD. The modified Hoehn and Yahr score [11] of the patient was 2.5, and Unified Parkinson Disease Rating Scale (UPDRS) part III score [12] was 20. The patient provided informed consent for participation in the study. The study was approved by the Institutional Review Board of a university hospital.
Clinical testing
In order to evaluate the severity of the bradykinesia and LKA, the patient and 10 right-handed age-and sex-matched normal control patients performed the finger-tapping (FT) and coinrotation (CR) tests. [1] [2] [3] Because the FT assesses the speed of repeated movements, it is used to measure bradykinesia. The CR assesses coordinated precise finger movements, and it is therefore used to measure LKA. These 2 tests were separately performed by each hand while the subject was in a sitting position. For the FT, the patient was instructed to place her forefinger on the key of the FT device and then press it as rapidly as possible for 10 seconds while keeping her other fingers and the heel of her hand on the board. In the CR test, she was asked to rotate a nickel 360°b etween her forefinger, middle finger, and thumb as rapidly as possible for 10 seconds. Every 180°flip was counted as 1 rotation. The FT and CR tests consisted of 3 trials of each hand. In the FT, the patient's right and left hands performed 21.0 and 20.3 taps, respectively. In the CR test, the patient's right and left hands performed 6.3 and 6.0 rotations, respectively. In contrast, the right and left hands of the normal controls performed 30.5 ± 0.9 and 29.9 ± 0.8 taps, respectively, in the FT test and 15.1 ± 0.7 and 14.3 ± 0.5 rotations, respectively, in the CR test. All of the patient's FT and CR results were >2 standard deviations (SD) lower than the results of the normal controls.
Diffusion tensor tractography
DTI was performed on the patient and 10 age-and sex-matched normal controls (mean age: 63.3 years, range: 60-66 years) with a 1.5 T Philips Gyroscan Intera (Philips Healthcare, Amsterdam, the Netherlands) with a 6-channel head coil and single-shot echo planar imaging. ; number of excitations, 1; and slice thickness, 2.5 mm. For analysis of the corticospinal tract (CST) and corticoreticular pathway (CRP), fiber tracking was performed via fiber assignment with the continuous tracking algorithm that is implemented within the DTI task card software (Extended MR WorkSpace 2.6, Philips Healthcare). For the CST analysis, the seed region of interest (ROI) was placed on the lower pons, and the target ROI was placed on the upper pons on the color map. For the CRP analysis, the seed ROI was placed on the reticular formation of the medulla, and the target ROI was placed on the midbrain tegmentum. The termination criteria that were used for the fiber tracking were fractional anisotropy (FA) <0.15 and angle <70°. For analysis of the DTI data for the CFTs from the dPMC and SMA, the Oxford Centre for Functional Magnetic Resonance Imaging of the Brain Software Library (www.fmrib.ox.ac.uk/fsl) was used. For the CFT, the seed ROI was placed on the cerebral peduncle of the midbrain. The target ROIs were defined as the dPMC and SMA. Of the 5000 samples that were generated from each seed voxel, the results for each contact were visualized with thresholds and weightings of the tract probabilities with a minimum of 2 streamlines through each voxel in the analysis. The FA values and tract volumes of the CSTs, CRPs, and CFTs were measured. 
Imaging results
The CSTs, CRPs, and CFTs from the dPMCs in both hemispheres were well preserved and did not exhibit any abnormalities (Fig. 2) . However, the CFTs from the SMAs in both hemispheres were partially torn and thinned (Fig. 2) . The FA values and tract volumes of the CFTs from both SMAs decreased >2 SD compared to the normal control values (Table 1) , while the FA values and tract volumes of the CFTs of the dPMCs, CSTs, and CRPs of both hemispheres were within the 2 SD margins of the mean FA values and tract volumes of the control subjects (Table 1) .
Treatment
The patient was treated with an initial dose of 150/37.5 mg/day of levodopa/benserazide, and the dose was gradually increased to 400/100 mg/day during 1 month. After treatment, the bradykinesia and rigidity of the patient significantly decreased, and the patient's resting tremor almost disappeared. The patient's Hoehn and Yahr scores changed from 2.5 to 1, and UPDRS part III score was improved from 20 to 5. However, the dexterity of the patient's hands did not improve. Although the FT results for the right and left hands improved from 21.0 and 20.3 to 26.0 and 25.3, respectively, the CR results did not change after treatment with the medication (Fig. 3) .
Discussion
In the current case report, we used DTT to investigate the CFTs from the SMAs in both hemispheres of a patient with PD who presented with LKA of both upper extremities. The DTT results showed that the CFTs from both SMAs were partially torn and thinned. The FA values and tract volumes of the CFTs from both SMAs significantly decreased compared with those of normal controls. The FA values decreased due to deterioration of directional microstructures, such as axons, myelin, and microtubules. [13] The tract volumes were measured by counting the number of voxels that were contained within a neural tract. [13] Therefore, the decreased FA values and tract numbers in both CFTs of the patient indicated damage of those neural tracts. In PD, the primary pathological changes involve the loss of nigrostriatal dopaminergic neurons, which results in the typical symptoms of PD, including bradykinesia, rigidity, resting tremor, and gait disturbance. [14, 15] In addition to the dopamine-related symptoms, nondopaminergic deficits in other brain areas have been increasingly recognized. [16, 17] Several studies have demonstrated alterations in several brain areas, including the SMA, cingulum, corpus callosum, superior longitudinal fasciculus, central olfactory area, and visual pathways. [16] [17] [18] [19] [20] In our patient, the gait disturbance with a short step, bradykinesia, rigidity, and resting tremor were induced by dopaminergic deficits. However, the LKA-related loss of dexterity in both hands seemed to be related to nondopaminergic alterations in the brain. In addition, after being treated with a dopaminergic drug, the patient's bradykinesia significantly reduced. However, the patient's impaired dexterity was not improved. These treatment responses were in agreement with the results of previous studies that showed differential responsiveness of bradykinesia and dexterity to dopaminergic treatments in patients with PD. [1] [2] [3] These responses suggest that LKA does not result from dopamine depletion but rather from deterioration of nondopaminergic systems.
The SMA participates in internal guidance or the planning of movement, and patients with lesions in the SMA or CFT from the SMA show limb apraxia. Considering that apraxia is a symptom of motor planning difficulties, the LKA in the patient might be related to pathology of the CFT from the SMA. [5] In addition, the DTT demonstrations of the integrity of the motor-related neural tracts (CST and CRP) confirmed that the fine motor deficits in the upper extremities were not induced by motor weakness.
Several previous DTI studies that used DTI parameters, such as FA, mean diffusivity, and apparent diffusion coefficients, have demonstrated neurodegenerative changes in several areas beyond dopamine-related brain structures. [16] [17] [18] [19] [20] [21] [22] In order to examine the alterations in the SMA in patients with PD, Karagulle Kendi et al [16] performed DTI in 2008 in 12 patients with PD and found decreased FA in both SMAs. In 2014, Wei et al [23] performed resting-state functional MRI in 37 patients with PD and found that the patients had significantly decreased efficiency in their cortical-basal ganglia motor pathways, with the most pronounced changes in the right rostral SMA and left caudal SMA. However, no studies to date have reported degeneration of neural tracts in patients with PD. In the present study, we used DTT to examine motor-related neural tracts and observed degeneration of the CFTs from both SMAs.
In conclusion, we showed the degeneration of the CFTs from both SMAs in a PD patient who showed LKA of the upper extremities. These findings suggest that the patient's LKA resulted, at least in part, from degeneration of the CFTs from the SMAs, which presumably resulted in cortical-basal ganglia network dysfunction. Therefore, the results of this study suggest that one of the pathological mechanisms underlying LKA in patients with PD might be degeneration of the CFTs from the The control data are presented as mean (± SD). CFT = corticofugal tract, CRP = corticoreticular pathway, CST = corticospinal tract, dPMC = dorsal premotor cortex, FA = fractional anisotropy, Lt = left, Rt = right, SD = standard deviation, SMA = supplementary motor area. * >2 SD away from the normal control values. SMA. To the best of our knowledge, this is the first study to show a relationship between injury of the neural tracts and the symptoms of PD. However, because this study only involved a single case, further studies involving a large number of patients are necessary.
